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Abstract
The central challenge in trying to resolve the firewall paradox is
to identify excitations in the near-horizon zone of a black hole that
can carry information without injuring a freely falling observer. By
analyzing the problem from the point of view of a freely falling ob-
server, I arrive at a simple proposal for the degrees of freedom that
carry information out of the black hole. An infalling observer experi-
ences the information-carrying modes as ingoing, negative energy ex-
citations of the quantum fields. In these states, freely falling observers
who fall in from infinity do not encounter a firewall, but freely falling
observers who begin their free fall from a location close to the hori-
zon are “frozen” by a flux of negative energy. When the black hole is
“mined,” the number of information-carrying modes increases, increas-
ing the negative energy flux in the infalling frame without violating the
equivalence principle. Finally, I point out a loophole in recent argu-
ments that an infalling observer must detect a violation of unitarity,
effective field theory, or free infall.
1benfreivogel@gmail.com
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1 Introduction
The firewall paradox introduced by Almheiri, Marolf, Polchinski, and Sully
(AMPS) [1] is a wonderful tool for sharpening our understanding of black
holes. I believe we will emerge from the firewall debate with either a shock-
ing new quantum gravity effect or a sharper understanding of black hole
complementarity.
The AMPS paradox is essentially a conflict between the following:
• To preserve unitarity, the outgoing Hawking radiation must carry in-
formation. There must be enough distinct allowed states of the quan-
tum fields near the black hole to allow the radiation to carry informa-
tion.
• A freely falling observer naively expects to encounter a quantum state
in the near-horizon zone that differs from the vacuum only at long
wavelengths comparable to the Schwarzschild radius of the black hole.
So unitarity requires many allowed quantum states for the fields in the near-
horizon zone, while free infall requires a state that is almost unique. In
the remainder of the paper, I refer to the near-horizon region between the
stretched horizon and r ≈ 3GM simply as “the zone.”
Here I perform an elementary counting of the number of quantum states
that are consistent with the naive expectations of an infalling observer. This
is a simple quantum field theory analysis along the lines of the work of Unruh
[2] many years ago. I find that an infalling observer expects to encounter
a flux of ingoing, negative energy excitations of the vacuum in the zone.
These negative energy excitations are responsible for reducing the mass, and
therefore the entropy, of the black hole, so arranging the correct quantum
state for these excitations is sufficient for unitary evaporation of black holes.
Doing the analysis in the infalling frame is convenient because this frame
filters out the thermal noise that is present in the outside description and
naturally picks out a subset of the zone degrees of freedom that may carry
information.
To roughly describe the states, every outgoing s-wave in the zone has
about a 50% chance of making it to infinity and a 50% chance of reflecting off
the geometry and returning to the black hole. (The probability is frequency-
dependent, but for the frequencies that dominate Hawking radiation the
probability of reflection is of order 1/2.) It is perfectly consistent with
the equivalence principle for any given quantum to be either reflected or
transmitted. So the allowed states can be specified roughly by which s-
waves reflect off the barrier. Roughly, if we restrict to frequencies of order
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Figure 1: From the infalling perspective, negative energy excitations are
created around r = 3GM and fall into the black hole (dashed null rays).
An observer falling in from infinity (solid red line) encounters a few of these
excitations with wavelength of order Rs, but an observer who begins freely
falling from near the horizon (solid blue line) will be frozen by collisions
with blue-shifted negative energy excitations.
the temperature, we can specify the state of each ingoing s-wave photon in
the zone.
A natural question is how many distinct modes can be excited in the
zone at a given time. The answer depends somewhat on the choice of time
slicing, but I will show that slices of constant Schwarzschild time contain of
order logS bits of information.
One might worry that these information-carrying excitations will violate
the equivalence principle, in that freely falling observers will encounter high-
energy quanta. In fact, I show that observers who begin their free fall from
at least of order the Schwarzschild radius away from the horizon do not
encounter high-energy quanta in these states. On the other hand, observers
who somehow begin their free fall from a location very close to the horizon do
encounter high-energy excitations, although they are “frozen” rather than
burned. Such observers are highly boosted relative to the natural rest frame
determined by the geometry, and the equivalence principle does not protect
them. Therefore, this freezing is consistent with the equivalence principle,
unlike the “s-wave firewall” discussed in AMPS, which affects even observers
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who fall in freely from infinity.
Negative energy excitations are possible in quantum field theory [3], but
they must be compensated by nearby regions of positive energy. In this case,
the positive energy is behind the black hole horizon. This makes it clear that
these ingoing excitations must be created in a manner that is delocalized over
the entire zone. So before worrying about delicate questions of unitarity, the
description of the infalling observer is that the outgoing Hawking radiation
is created in a manner that is delocalized over the entire zone.
Very roughly, in the infalling description the region around r = 3GM
sends positive energy particles out to infinity and negative energy excita-
tions into the black hole. To give some further intuition, from the outside
point of view, I imagine that the stretched horizon is constantly having a
delicate conversation with the potential barrier, carefully tuning itself so
that the correct quanta are reflected off the barrier. Another analogy is to
think of the region between the stretched horizon and the barrier as a kind
of electromagnetic cavity. The details of the boundary conditions at the
stretched horizon and the barrier control the precise spectrum of electro-
magnetic excitations in the zone. From this point of view, we can think of
the negative energy density in the zone as the result of the Casimir effect.
In order to use these states to avoid the firewall paradox, one must as-
sume that most degrees of freedom in the zone of an old black hole are
entangled with the stretched horizon rather than the early radiation. Con-
sider high angular momentum modes in the zone. These modes are emitted
from the stretched horizon, go a short distance into the zone, and then fall
back in. It is natural to think that these modes are entangled with the
stretched horizon. However, at late times the entire black hole plus zone
system (suitably defined) has fewer degrees of freedom than the Hawking
radiation that has already been emitted. Therefore, if the dynamics of the
black hole are completely scrambling, then the black hole and the zone must
separately be almost maximally entangled with the early radiation and not
each other.
Therefore, we require nontrivial dynamics of the stretched horizon- es-
sentially it should contain special degrees of freedom that are “bound” to
the excitations in the zone and do not mix with the other degrees of freedom.
This means that most modes in the zone are entangled with the stretched
horizon, while the special quanta that are going to escape to infinity are
entangled with the early radiation. While this is not the simplest possibility
for the dynamics of the stretched horizon, a slight complication in a system
we know nothing about is a small price to pay for preserving the equivalence
principle.
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It is important to clarify which aspects of this paper are speculative, and
which are not. The statement that certain freely falling observers encounter
negative energy density is not speculative: it is true in effective field theory,
and follows from the properties of the Unruh vacuum [2], as I describe in
more detail in section 2. In addition, the estimates of how many states are
consistent with the equivalence principle rely only on well-known physics.
However, in effective field theory the choice of state for an evaporating black
hole is uniquely determined by the conditions that it is nonsingular at the
future horizon and that no flux is incident from infinity. In order to access
the different states consistent with the equivalence principle would require,
for example, subtle modifications of the reflection coefficient for quantum
fields reflecting off the barrier. I am not aware of any argument within
effective field theory for such a modification. Therefore, as I describe in
much more detail below, ideas about how the information gets into the
ingoing quanta remain highly speculative.
Conflict with effective field theory? “Evolving back” vs. “evolving
in.” One major problem remains: if we zoom in close to the horizon and
focus on only the low angular momentum modes, there is a clean division
between ingoing and outgoing waves. The states I described above contain
information in the ingoing modes, while the outgoing modes are exactly
thermal. This is perfectly consistent with unitarity of black hole evapora-
tion until one asks how the ingoing modes got into just the right state to
preserve unitarity. The geometry outside the black hole should contain no
information because of the no-hair theorem, so if the outgoing modes are ex-
actly thermal then the ingoing modes cannot contain information. Someone
has to put the information into the ingoing modes.
More concretely, if the outgoing Hawking quanta can be “evolved back”
until they are localized very close to the horizon, as proposed by AMPS,
then information must be stored in outgoing quanta in the zone. But in
the vacuum state, outgoing quanta near the horizon should be nearly maxi-
mally entangled with their partners behind the horizon, so they cannot carry
information. This is the firewall paradox of AMPS [1].
I present two related arguments pointing out what I believe is an im-
portant gap in the argument. First, if we literally evolve the field operator
corresponding to the outgoing Hawking radiation backward in time, it will
evolve to an operator smeared over the entire backward lightcone (or at least
its boundary), and not localized near the horizon.
Instead of evolving back, we can try to “evolve in.” In other words, in-
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stead of evolving the data backward in time, we can try to evolve it radially
inward. Knowing the black-hole S-matrix roughly gives us all the informa-
tion about the field modes far from the black hole. We can then try to use
the data at large r to constrain the data near the black hole. “Evolving
in” is somewhat familiar from AdS/CFT, but it is a much more delicate
operation than standard time evolution.
Even in classical field theories, the question of evolving data radially
inward is nontrivial. I explain a simple, geometric criterion from the theory
of partial differential equations to diagnose when the data can be evolved in.
This criterion tells us that inward radial evolution breaks down precisely at
the outer edge of the zone, r = 3GM . The data at large r can be evolved in
all the way to the angular momentum barrier, but not into the zone. This
is a strong motivation to consider more carefully an essential feature of the
AMPS argument: evolving back the outgoing Hawking radiation in order to
obtain information about the quantum fields near the horizon.
One can try to get around this obstacle by Fourier transforming on the
sphere. Then, at least in the free field theory approximation, it is possible to
“evolve in” mode by mode. However, we now encounter a different obstacle
to stating the AMPS paradox: at least for a wide class of black holes,
the behind-the-horizon partner of a mode with definite angular momentum
does not fit into any single causal patch. Therefore, we can escape from the
firewall paradox by the same means we escaped from Hawking’s information
paradox: black hole complementarity [4] states that effective field theory can
be trusted only within a single causal patch. (The geometry of the infalling
patch will be described more fully in a forthcoming paper [5].)
Mining. An objection to the idea that the zone can contain as few as
logS information-carrying degrees of freedom is the mining argument. I
show that the same analysis described above naturally leads to a larger
number of allowed states in the zone when mining equipment is present.
The mining equipment naturally changes the infalling vacuum on scales set
by the nature of the mining; this again leads to just the right number of
allowed states to preserve unitarity.
Relation to other work. It is difficult to accurately place this work in
the context of the flurry of activity following the firewall paper. The firewall
argument has been clarified, strengthened, and generalized by [6, 7, 8, 9]
among others.
This paper has some similarity to the “balanced holography” proposal
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of the Verlindes [10]. Part of the analysis, regarding what modes fit into a
causal patch, is similar in spirit to the recent analysis of Ilgin and Yang [11].
The work of Giddings and collaborators [13] has some similarities, but here
I try to preserve local, effective field theory in the causal patch. W. Kim and
collaborators [15] have also pointed out the negative energy experienced by
certain freely falling observers near the horizon of an evaporating black hole.
Mathur and Turton [14] also propose that certain observers in the zone may
be injured, while observers who fall in from infinity are not; their proposal
is in the context of fuzz balls.
Papadodimas and Raju [16] give an elegant description of how small
nonlocalities can conspire to allow for a resolution of the firewall paradox;
here I try to avoid introducing any nonlocality. Maldacena and Susskind
[17] have made an inspired proposal for when and how violations of effec-
tive field theory occur: old black holes develop an Einstein-Rosen bridge
connecting them to their Hawking radiation, modifying the usual geometry
behind the horizon; these and related ideas are also devoloped in [18]. A
different picture of the entanglement emerges in the analysis of Shenker and
Stanford [19]. Harlow and Hayden [12] have made a particularly interesting
quantum computation argument against the firewall proposal. Many other
proposals for escaping the paradox have been made, and the above is an
unfair sampling.
Here, I do not propose any fabulous new effects in quantum gravity;
rather, I suggest an escape from the firewall argument on its own terms.
I argue that the old, simple idea that any given observer can have it all-
unitarity, the equivalence principle, and effective field theory- is not yet
ruled out.
2 The Quantum State in the Zone
2.1 Which states are consistent with the equivalence princi-
ple?
We want to ask how unique the state of the quantum fields in the near-
horizon zone is. How many degrees of freedom can be excited consistent with
the naive expectations of an infalling observer? Roughly, the equivalence
principle dictates that a freely falling observer should detect of order one
quantum with wavelength of order Rs as he falls through the zone.
For an eternal black hole, or a big, old black hole in AdS, the natural
quantum state is the Hartle-Hawking state. Zooming in on the region near
the horizon, the size of the 2-sphere is approximately constant, and the ge-
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ometry looks like a 2-sphere cross 1+1 dimensional Rindler spacetime- that
is, a 2-sphere cross 1+1 dimensional Minkowski space. The Hartle-Hawking
state, when restricted to the zone, is roughly the Minkowski vacuum. This
approximation becomes better and better as we zoom in closer to the hori-
zon.
The quantum state near an evaporating black hole is not uniquely de-
termined by the equivalence principle. A cartoon version is as follows. Fo-
cus on quanta with frequency set by the temperature of the black hole,
ω ∼ T ∼ 1/Rs. For these quanta, high angular momentum modes have
an exponentially small chance of escaping to infinity, while s-waves have of
order a 50% chance of escaping. If we focus just on the s-waves, we can say
that each outgoing quantum has a 50% chance of escaping to infinity, and
a 50% chance of falling back into the black hole.2
Which particles get reflected back in is a delicate quantum process. A
naive infalling observer would just say that any given quantum may or may
not be reflected. He thus identifies a family of reasonable quantum states for
the zone. A simple way to think about it is to say that every Schwarzschild
time, ∆t ∼ Rs, 2 s-wave photons are emitted from the stretched horizon,
one with each helicity. Depending on which photon escapes to infinity, we
have a choice of the state for each of the ingoing photons, shown in figure
1. Another way to think about it is that tunneling through the barrier
eliminates half of the ingoing photos that we would have had if the black
hole were surrounded by a reflecting mirror. The choice of state in the zone
is the choice of which ingoing quanta to erase.3
As mentioned in the introduction, there is a natural choice of the quan-
tum state for an evaporating black hole. Consider the usual Schwarzschild
modes, with definite frequency with respect to the Schwarzschild time. Such
modes see a potential barrier set by the black hole mass and the angular
momentum of the mode in question. The natural orthonormal basis consists
of
• 1) Modes incident from infinity, which are purely ingoing in the zone
2One might think that there is no angular momentum barrier for the s-wave, so it
definitely makes it to infinity. However, in simply going from the 3 + 1 action to the 1 + 1
description, one finds a nontrivial radial potential even for the s-wave.
3This cartoon has the disadvantage that it might seem to depend crucially on the
radiation being composed of particles with spin. An alternative cartoon that works even
for scalar radiation is to say that the choice of state is a choice of which quantum field
theory modes are populated by the outgoing radiation. I thank a referee for pointing out
this shortcoming.
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• 2) Modes incident from the horizon, which are purely outgoing near
infinity
The state of the modes of type 1 are determined by the requirement that
there is no incoming flux from infinity, while the state of the modes of type
2 (which is actually a density matrix) is determined by the requirement that
the future horizon is nonsingular. The statement in this section is simply
that subtle deviations in the reflection coefficient with characteristic scale
set by the Schwarzschild radius are consistent with the equivalence principle,
and lead to the large number of allowed states described here.
Alternative characterization of states consistent with the equiva-
lence principle. Since it is confusing to identify states by which quanta
are missing, consider another thought experiment that probes the unique-
ness of the state of the quantum fields in the zone. Suppose we want a black
hole in asymptotically flat space not to evaporate. We can compensate the
evaporation by throwing in quanta that are roughly similar to the outgoing
Hawking radiation. In order that the expectations of an infalling observer,
based on a naive application of the equivalence principle, are unaffected
by the quanta we throw in, let us throw them in from infinity, roughly one
quantum per Schwarzschild time with wavelength set by the size of the black
hole. As long as we obey these rough guidelines, we will not be adding any
new high-energy features to the black hole geometry.
But we can choose the detailed quantum state of the quanta we throw
in. Since we are throwing in of order one quantum per light crossing time
with wavelength of order the black hole radius, there is of order one bit of
information per quantum. For example, one can send in photons and choose
the helicity of each photon.
Since the region near the horizon is well-described by Rindler space,
it is convenient to translate the above description into a purely Rindler
space description. In that case, we replace the asymptotic part of the black
hole geometry by cutting off Rindler space at a distance Rs away from the
horizon. Then the quanta thrown in from infinity become, in the Rindler
description, quanta with wavelength Rs thrown in by a Rindler observer at
a distance Rs away from the horizon. Figure 1 can now be thought of as a
picture of these real ingoing quanta (dotted null lines).
We can summarize the picture in a simple way. If we zoom in on a region
deep in the zone, far from the angular momentum barrier, and focus on the
s-waves, then we expect a unique state for the outgoing modes, but we have
a choice of states for the ingoing modes, all of which are consistent with the
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equivalence principle.
There are two immediate questions. Do these information-carrying modes
in the zone injure an infalling observer? And is there enough information in
them to allow for unitary black hole evaporation? I address these questions
in the following two subsections.
2.2 Experience of an infalling observer
It turns out that these excitations do not injure an observer who falls in
from infinity, or anywhere outside the angular momentum barrier r = 3GM .
However, they do injure a freely falling observer who somehow arranges to
begin freely falling from a location very close to the horizon. For example,
consider an observer who is lowered by a rope and “dangles” at constant
Schwarzschild r for some time. It clear that while he is still holding the rope,
the observer will detect thermal radiation due to the Unruh effect. But even
after letting go of the rope, this observer will encounter a large number of
these ingoing quanta before hitting the singularity.
This observer is in effect very boosted relative to the frame picked out
by the geometry of the black hole. Roughly, quanta with wavelength of
order Rs are emitted every Rs from a location Rs away from the horizon,
but this observer sees them as high energy quanta because the “source” is
blue-shifted relative to him, as shown in figure 1.
The above description can be made more quantitative by examining the
stress-energy tensor in the zone. At any point well away from the singularity,
the stress tensor is small in the frame of an observer who freely falls from
infinity. The stress tensor near a black hole was described by Unruh [2]
and others. There is one new ingredient here relative to Unruh’s work. In
Unruh’s description, the outgoing s-waves are in the Minkowski vacuum, and
therefore thermal from the Rindler point of view, while the ingoing s-waves
are completely absent- they are in the Rindler vacuum. The Rindler vacuum
is again a unique state in the zone. In fact, as discussed above, some of the
s-waves should reflect, so the ingoing s-waves should not be purely in the
Rindler vacuum, but instead in a state that is a compromise between the
Rindler and Minkowski vacua.
We can be more quantitative. Computing the stress tensor in quantum
field theory involves an ambiguity in regulating the infinities, but the differ-
ence in the stress tensor between two states is well-defined. If we go deep in
the zone and treat only the s-wave, then the problem is 1 + 1 dimensional
Minkowski space. Define coordinates so that
ds2 = dX+dX− (1)
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Then for the simplest case, a free massless field, the stress tensor in the
Minkowski vacuum |0M > differs from the stress tensor in the Rindler vac-
uum |0R > by:
< 0M |T++|0M >−< 0R|T++|0R > ∼ 1
(X+)2
(2)
< 0M |T−−|0M >−< 0R|T−−|0R > ∼ 1
(X−)2
(3)
T+− = 0 (4)
(Since the problem is 1+1 dimensional, the stress tensor has dimensions of
mass squared.)
Now the black hole is like the Minkowski vacuum for the right movers,
but it is missing half of the left movers, so deep in the zone we have
< BH|T++|BH >−< 0M |T++|0M > ≈ 0 (5)
< BH|T−−|BH >−< 0M |T−−|0M > ∼ − 1
2(X−)2
(6)
T+− = 0 (7)
A freely falling observer would naturally compare to the Minkowski vacuum,
so the above equation is relevant for the experience of an infalling observer.
Note the minus sign: a freely falling observer sees a negative energy den-
sity relative to Minkowski spacetime. Such negative energy densities are
known to be possible in quantum field theory [3] and have been constructed
in simple examples. Isolated negative energy densities are not possible- a
negative energy density must be compensated by a larger nearby positive
energy density. (The field must “pay back” for the negative energy density
with a positive energy density, and it must pay interest on the negative en-
ergy it borrowed.) In this case, the compensating positive energy is behind
the black hole horizon.
So before worrying about delicate questions of unitarity, it appears that
the natural description of the infalling observer is that the outgoing modes
are in the vacuum, but the ingoing modes are in one of a number of allowed
states which carry negative energy into the black hole. Roughly, instead of
thinking of particle creation at the stretched horizon, the infalling observer
thinks of “pairs” of particles produced in the angular momentum barrier: an
ingoing negative energy particle, and an outgoing positive energy particle.
Since the negative energy particle is only possible due to compensating pos-
itive energy behind the horizon, the creation of the negative energy particle
must be described as delocalized over the entire zone, but this is natural
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because it has wavelength of order Rs and is created about Rs from the
horizon. When we come to the question of unitarity, it is these pairs of
particles that must be carefully managed in order to preserve unitarity in
black hole evaporation.
Of course this is just a different description of the same physics seen
by the external observer. The external observer naturally compares to the
Rindler vacuum in the zone, and describes the same process in a more fa-
miliar way: the stretched horizon emits quanta, and some of them bounce
off and come back into the black hole, while others escape to infinity. No
quanta come in from infinity.
2.3 Unitarity
According to the description above, the states consistent with the equiv-
alence principle consist, in the infalling description, of ingoing, negative
energy excitations emitted from around the angular momentum barrier. Is
the freedom in choosing the state of these excitations sufficient to allow for
unitary evaporation? In fact it is: these excitations are precisely the thing
that causes the black hole mass to decrease. Unitarity means that when
old black holes lose mass they must also become less entangled with the
environment. This can be arranged by carefully tuning the negative energy
excitations. In addition, the positive energy quanta emitted to infinity must
also carry information.
Now a miracle is still necessary to get these modes into the correct state.
I return later to the question of whether this miracle is possible within
effective field theory.
The above argument for unitarity suffices, but to get a better feel for the
information flow it is natural to count the states. How many bits of infor-
mation are there in the zone at one time? The answer depends somewhat on
the choice of time slice; here, let’s use the slices of constant Schwarzschild
time natural for an outside observer.
The evaporation process erases one photon per Schwarzschild time that
was supposed to reflect back into the black hole. This erasing process hap-
pens at roughly the angular momentum barrier, r ≈ 3GM . We would like
to know how long this missing photon would have remained in the zone.
The metric of a Schwarzschild black hole is
ds2 = −f(r)dt2 + dr
2
f(r)
dr2 + r2dΩ22 (8)
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Figure 2: From the outside point of view, the black hole atmosphere has
of order one excited degree of freedom in each “box” inside the zone. One
can see more and more boxes near the horizon (thick line) as the higher
angular momentum modes become excited. In the Hartle-Hawking state, the
radiation contains no information, while an evaporating black hole contains
one bit of information in each concentric ring.
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with
f(r) = 1− Rs
r
. (9)
Ingoing photons satisfy
dt = − dr
f(r)
(10)
so the amount of Schwarzschild time t that elapses between the time the
photon would have been reflected off the barrier until it would have reached
the stretched horizon can be calculated to be
t ∼ Rs log Rs
lP
∼ Rs logS (11)
where S is the black hole entropy. This version of the result generalizes to
many types of black holes in a variety of dimensions.
Since a single quantum takes of order logS units of Schwarzschild time to
pass through the zone, and the black hole emits one quantum per Schwarzschild
time, the zone must contain at least logS information-carrying quanta.
Therefore, it is consistent with the equivalence principle to expect that
logS bits of information are needed to characterize the state in the zone.
3 Conflict with effective field theory?
The above analysis shows that, at the level of counting bits of information,
there are enough states in the zone so that an infalling observer does not
experience a firewall, while unitarity is preserved. But an important question
remains. If we focus on the s-waves in a region deep in the zone, the ingoing
and outgoing waves do not interact. The discussion above involves encoding
information in the ingoing waves, while the outgoing modes remain in a
definite state. Having the correct state in the ingoing sector is sufficient
for black hole evaporation to be unitary, but how does the ingoing sector
end up in exactly the correct quantum state to ensure unitarity? Is there a
violation of effective field theory outside the black hole?
I believe this issue remains unresolved. The basic issue is the follow-
ing. We know that the radiation propagating out to infinity must contain
information. For an old black hole, these outgoing Hawking quanta must
be entangled with the early radiation, rather than with the remaining black
hole. The issue is whether we can somehow “evolve back” the outgoing
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Hawking quanta in order to obtain information about modes while they are
still deep in the zone.
Let me first describe an approximation where I believe it is possible to
evolve back the outgoing Hawking radiation until it is localized deep in the
zone, leading to the firewall paradox.
• Assume we can focus on the s-waves, and use the approximation that
there is no mixing between ingoing and outgoing waves, and no mixing
between modes of different angular momentum. In particular, this
means that an outgoing s-wave near the horizon will certainly reach
infinity.
• Assume that the infalling observer can measure the s-wave behind the
horizon-that is, the relevant Hawking partner of the outgoing radia-
tion.
Given these assumptions, we can evolve back, yielding the firewall paradox.
(Actually, these assumptions are only sufficient for an “s-wave firewall,”
but as AMPS have argued, even an s-wave firewall violates the equivalence
principle. In this section I focus on the arguments for such an s-wave firewall,
which are the strongest of all the firewall arguments.)
In this approximation, there is no mixing between ingoing and outgoing
waves, so we can simply propagate the outgoing Hawking photons back along
null rays until they are deep in the zone.
3.1 Evolving back vs. evolving in
However, in the real problem there is mixing between ingoing and outgoing
modes: outgoing s-waves with frequencies of order the black hole tempera-
ture have an order one probability of reflecting off the geometry. (One might
think that there is no angular momentum barrier for the s-wave, so it defi-
nitely makes it to infinity. However, in simply going from the 3 + 1 action
to the 1 + 1 description, one finds a nontrivial radial potential even for the
s-wave.) Therefore, literally evolving back the field operator corresponding
to the outgoing mode yields an operator spread over the entire backward
lightcone of the outgoing radiation, so it is spread over the entire zone and
even extends beyond the zone.
Physically, however, this seems like a technicality. We know that no ra-
diation is coming in from infinity, so we should be able to ignore at least the
part of the operator that is outside the zone. Instead of doing a standard
Cauchy evolution backward in time, the natural way to use the outgoing
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Hawking radiation to learn about the zone is to do “radial evolution” in-
wards. This type of radial evolution is familiar from AdS/CFT, but in the
presence of a black hole there is a surprising obstacle.
We can address this question in the classical limit. Suppose we know
the exact field configuration far from the black hole for all time, and we
would like to reconstruct the solution near the horizon, but still outside the
horizon. This is simply the classical limit of evolving back the Hawking
radiation until it is near the horizon. If we ask the question in flat space,
then there would be no problem in doing this reconstruction of the interior.
Suppose that we know the solution everywhere outside a sphere of radius
R for all time. Can we reconstruct the solution inside the sphere? In flat
spacetime, the answer is yes.
More generally, however, radial evolution is a much more delicate prob-
lem than standard time evolution. This difference shows up already at the
classical level: solving a known partial differential equation in a fixed back-
ground geometry.
Mathematicians [23] have addressed this type of problem, called unique
continuation: given the solution to a known differential equation in some
region r > r∗ for all time, is there a unique continuation of the solution
across the boundary r = r∗? There is a simple, intuitive diagnostic: if there
are null geodesics that graze the surface r = r∗ but do not enter the known
region r > r∗ where the solution is known, then the continuation is not
unique. This was previously discussed in the AdS/CFT context in [24, 25];
see [26] for related work.
This result is intuitive to physicists: given a null geodesic, one can con-
struct a solution that is localized arbitrarily close to the geodesic by going
to a regime where the geometric optics approximation is good. If there
are null geodesics that never enter the “known” region r > r∗, then one
can construct solutions that are arbitrarily close to 0 in the known region
r > r∗, but are nonzero in the interior. In a sense, it may be the case that
knowing the solution exactly in the region r > r∗ does determine the solu-
tion in the interior, but knowing the exterior solution to an arbitrary finite
precision does not determine the interior solution to any precision at all.
This is usually summarized by saying that there is no continuous mapping
between exterior data and interior data. It seems to me that continuity is
the physically relevant criterion for whether reconstruction is possible.
This result is robust, and holds for a wide variety of differential equations.
The essential feature is just that the high-frequency behavior of the equation
is the same as the wave equation. I return in the next subsection to possible
ways around the reconstruction theorem.
15
We can now analyze the behavior of null geodesics in the Schwarzschild
solution. If we choose the affine parameterization, null geodesics are extrema
of the action
S =
∫
dλgabx˙
ax˙b (12)
where dot denotes the derivative with respect to the affine parameter λ.
For metrics of the Schwarzschild form, and choosing the particle to move
only in the θ direction on the S2, this becomes
S =
∫
dλ
(
f(r)t˙2 − r˙
2
f(r)
− r2θ˙2
)
(13)
There are two conserved quantities, E = f(r)t˙ and ` = r2θ˙. Plugging these
into the equation ds2 = 0 for null curves gives
−f(r)t˙2 + r˙
2
f(r)
+ r2θ˙2 = − E
2
f(r)
+
r˙2
f(r)
+
`2
r2
= 0 (14)
In other words, the radial motion of the null geodesics can be read off from
an effective potential,
r˙2 + V (r) = E2 with V (r) = `2
f(r)
r2
(15)
For a Schwarzschild black hole, the function f(r) is
f(r) = 1− Rs
r
(16)
so the effective potential for null geodesics is
V (r) = `2
(
1
r2
− rs
r3
)
(17)
This function approaches 0 at the horizon and at infinity, and has a maxi-
mum at r = 3rs/2, or in other words at the location of the unstable circular
null orbit, r = 3GM . Therefore, for any value of the angular momentum `,
geodesics with small enough energy E can bounce off the angular momentum
barrier and never enter the known region r > 3GM .
Therefore, according to the theorem, the solution at large r can be
uniquely evolved radially inward until we reach the peak of the angular
momentum barrier at r = 3GM . So classically evolving Hawking photons
16
inward fails for the near horizon region r < 3GM . (I return later to possible
ways around the theorem, such as restricting to the s-wave.)
The reason reconstruction fails is physically clear, and does not require
mathematical theorems. Due to the angular momentum barrier, photons
are constantly emitted by the stretched horizon, bounce off the angular
momentum barrier, and fall back into the black hole. Such photons can
interfere constructively or destructively with with photons that do manage
to escape the barrier. The existence of photons that are bound inside the
angular momentum barrier means that knowing the state of the outgoing
Hawking quanta is not enough information to reconstruct the field near the
horizon.
3.2 Ways around the no-reconstruction theorem?
Despite the theorem, intuitively one should be able to learn something about
the solution inside r = 3GM . The various arguments for the firewall paradox
including [1, 6, 8] all rely on some technique of evolving back the outgoing
Hawking radiation to obtain information about the degrees of freedom in
the zone.
For example, let us return to the approximation stated at the beginning
of this section: simply Fourier transform on the sphere, and evolve radially
inward mode by mode. Essentially, this approximation gets around the
theorem by using the fact that in free field theory, modes with different
angular momentum do not mix, so for any definite angular momentum we
have a 1+1 dimensional problem. Suppose we focus on just one angular
mode, say the s-wave. In a 1+1 problem we can reverse space and time
at the price of changing positive mass squared to negative mass squared.
However, even for fields with negative mass squared, the time evolution for
a finite time is well-defined. Therefore, the radial evolution across r = 3GM
must be possible, mode by mode, in a free field theory.
One obvious objection is that the fields we are dealing with must interact
at least gravitationally, so in fact we cannot treat the angular momentum
modes separately. Quantitatively, however, it may be possible to argue that
these interactions are small enough that they can be neglected. If we work
in terms of angular modes, we can perturb around the free field case, and it
appears that no problems will arise at any order in perturbation theory [26].
However, we do encounter problems with trying to reconstruct any operator
with finite support in position space; see [24, 25] for a much more detailed
discussion.
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Angular modes inside the horizon may not fit in one causal patch.
My favorite objection pertains to the geometry of the causal patch. Suppose
that we do restrict to the s-wave, and that we do succeed in evolving it back
until it is close to the horizon. Now we appear to have a problem: on one
hand, this near-horizon s-wave must be entangled with the early radiation,
but on the other hand it should be entangled with its partner behind the
horizon.
But the partner of the s-wave is roughly the s-wave behind the horizon,
or in any case it is some mode that is spread over the entire 2-sphere. But
then we must ask whether this behind-the-horizon partner mode fits inside
the causal patch of the infalling observer. There is only a conflict with black
hole complementarity if there is a conflict with effective field theory within
a single causal patch.
The geometry of the causal patch behind the horizon will be described
more completely in a separate publication [5]. For Schwarzschild and Reissner-
Nordstrom black holes in 3+1 and higher dimensions, the infalling patch
does not contain the entire horizon sphere. Therefore, for these black holes,
complementarity offers an escape from the firewall paradox. Note that this
objection alone is sufficient to escape from the s-wave AMPS argument,
without any need for the discussion in the remainder of the paper.
Of course, one can build a mode that is approximately localized in a finite
angular region on the sphere out of relatively low l modes, so it may seem like
a mere technicality that we do not have access to the entire sphere. However,
the fact that the reconstruction problem is impossible for any operator that
is exactly localized in a finite region motivates careful consideration of this
technicality.
For Kerr black holes the question is more subtle because there is no spher-
ical symmetry, and we are still investigating whether the relevant partner
mode fits inside the infalling causal patch. Geometrically, there are some
2-spheres that do fit inside a causal patch, so it is possible that the firewall
argument will work in this case, but further analysis is needed.
4 Mining
One urgent question about the plausibility of this proposal has to do with all
the other modes in the zone. Suppose we accept for now that for the s-waves
there are enough states in the zone to allow for unitarity evaporation, as I
have argued above. What now about the other modes in the zone? I am
claiming many degrees of freedom in the zone remain entangled with the
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black hole, rather than the early radiation.
This is dangerous because there is a technique for allowing additional
modes to escape to infinity called black hole mining. The original mining
procedure described by Unruh and Wald [21] involved lowering boxes into
the zone to capture the Hawking radiation. Recently, A. Brown [22] showed
that in fact any box that obeys the null energy condition is worse than
superfluous, and the optimal mining procedure is simply to lower a string
into the zone.
Figure 3: The presence of a mining string (gray) in the zone changes the
quantum state. From the infalling perspective, the string emits negative
energy excitations that propagate into the black hole (green and purple
boxes). Even in the absence of the mining equipment, evaporation effec-
tively produces ingoing, negative energy s-waves (red and blue boxes). The
alternating colors indicate the freedom in choosing the quantum state- each
missing photon can be either left-handed or right-handed. The string is
“fat” because the maximum distance it can reach into the zone is related to
the characteristic energy scale of the string, which also controls its width.
The string cannot be lowered all the way to the stretched horizon without
breaking, but it can be lowered far inside the angular momentum barrier.
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The tension of the string controls how far it can be lowered without breaking;
see figure 3. The string should couple to the field that we want to extract
from the black hole. Then the quantum of interest can be emitted by the
black hole, and instead of falling back in due to the angular momentum
barrier, it can be absorbed by the string. Once it has been absorbed, it can
then travel up the string- simply a 1+1 dimensional problem with no angular
momentum barrier. Therefore lowering strings into the horizon allows us to
extract high-l quanta from the black hole. The process of emitting a high-l
quantum to infinity with the help of a string decreases the mass and entropy
of the black hole. Therefore unitarity requires that the quanta absorbed by
the string must be entangled with the early radiation and not the black hole
horizon.
In order to preserve unitarity, it must be the case that lowering a string
into the zone changes the quantum state in such a way that the modes
absorbed by the string carry information. In the presence of mining equip-
ment, the zone must carry not only the logS bits of information described
above, but an additional number of bits that will be absorbed by the mining
equipment.
As Brown showed, a string with a given tension can be lowered only to
a distance above the horizon related to its tension. If µ is the tension of the
string, then it can be lowered only to the location where the local Hawking
temperature is related to the tension µ = T 2. Therefore, the proper distance
x from the horizon is given by
x2 =
1
µ
(18)
In order for the mining to be effective- for the mining equipment to extract
more energy than it emits- the mining apparatus cannot be moved quickly
into place, nor can it be quickly turned on and off. As a result, the important
question is essentially a static one: how does the quantum state of the black
hole differ in the presence of a string designed to mine the black hole?
Turning again to the perspective of the infalling observer, by the same
argument as above the string will effectively emit negative energy particles
with a wavelength set by the location of the endpoint of the string into the
black hole. From the outside point of view, the string is absorbing some of
the quanta of the field, dominantly at the endpoint of the string. But for the
string to be effective at mining, it must be “cold” and not send quanta into
the black hole from infinity. Just as above, the black hole state now differs
from the Minkowski vacuum near the horizon due to the missing ingoing
quanta that should have been reflected by the angular momentum barrier
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but instead were absorbed by the string. The black hole is also missing the
s-waves that escaped, as before.
These additional negative energy excitations cause the black hole to
evaporate more quickly. For the same reason as above, the quantum state
of these negative energy excitations must be correct in order for unitary
evaporation. Infalling observers will notice some additional structure in the
quantum state near the mining string. This additional structure may injure
some observers, but it does not violate the equivalence principle.
The discussion of whether there is a conflict with effective field theory
also mirrors the s-wave construction. The same theorem prohibits evolving
radially inward; one can again try to avoid the theorem by decomposing in
angular modes, but these angular modes still do not fit in any causal patch
for Schwarzschild or Reissner-Nordstrom black holes.
To summarize, the presence of mining equipment in the zone (say a
string) naturally changes the state seen by the infalling observer, with struc-
ture on the scale set by the location of the string. The new state still contains
enough information-carrying modes in order to allow for unitarity without
violating the equivalence principle.
5 Conclusions and future directions
I have presented what I consider an attractive picture of which modes in
the near-horizon zone carry information. In this description, even for an
old black hole, most modes in the zone remain entangled with the stretched
horizon rather than the early radiation.
Note that the arguments here still leave a lot of freedom about precisely
how many modes in the near-horizon zone are not entangled with the black
hole. In order to allow for unitary evaporation, at least of order logSBH
modes must be entangled with the early radiation or in a pure state by
themselves [9], and not entangled with the black hole.
I have pointed out what I believe is a significant loophole in the ar-
guments that the infalling observer must detect a violation of unitarity,
effective field theory, or free infall. There are two main ingredients in this
loophole. First, theorems from the theory of partial differential equations
strongly suggest an obstacle to evolving the S-matrix data radially inward
into the near-horizon zone. This obstacle can be avoided by working in
terms of angular momentum modes on the 2-sphere, but this brings us to a
second obstacle: at least for the simplest black holes, the angular momen-
tum modes do not fit inside a single causal patch. Therefore the old idea of
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black hole complementarity, that no single observer will see a violation of
effective field theory, has not been ruled out.
This loophole essentially allows some number of outgoing modes in the
zone to carry information, because their partners behind the horizon do
not fit into any single causal patch. As stated, it applies to any mode
that is delocalized over the entire sphere- far more than the logSBH modes
necessary for unitarity. So these arguments do not yet fix the number of
information-carrying degrees of freedom in the zone.
It is of course reasonable for effective field theory to be violated by a
small amount even within one causal patch- the challenge is to identify which
observables receive significant corrections. However, the simplest possibility
remains that effective field theory is not corrected in any significant way for
causal patches with low curvature.
Fortunately, the issues I have raised can be addressed using known tech-
niques. We can analyze the geometry of the infalling causal patch in com-
bination with a field theory analysis of which modes should be entangled
for a variety of black holes. Some results in this direction will appear in [5].
In addition, there may be other ways of tightening the arguments in favor
of the firewall paradox. For example, in spite of the motivating classical
theorems, perhaps there is a clear argument that in quantum field theory
the outgoing Hawking radiation can be evolved back to constrain the fields
near the horizon.
I have not addressed the AdS/CFT version of the firewall argument
[7] here. However, the obstacles to evolving radially inward discussed here
appear in a very similar form in that context [24, 25].
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